The direct formation of a massive black hole is a potential seeding mechanism of the earliest observed supermassive black holes. We investigate how the existence of a massive black hole seed impacts the ionization and thermal state of its pre-galactic host halo and subsequent star formation. We show that its X-ray radiation ionizes and heats the medium, enhancing H 2 formation in shielded regions, within the nuclear region in the span of a million years. The enhanced molecular cooling triggers the formation of a ∼ 10 4 M metal-free stellar cluster at a star formation efficiency of ∼ 0.1% in a single event. Star formation occurs near the edges of the H II region that is partially ionized by X-rays, thus the initial size depends on the black hole properties and surrounding environment. The simulated metal-free galaxy has an initial half-light radius of ∼ 10 pc but expands to ∼ 50 pc after 10 million years because of the outward velocities of their birth clouds. Supernova feedback then quenches any further star formation for tens of millions of years, allowing the massive black hole to dominate the spectrum once the massive metal-free stars die.
INTRODUCTION
The increasing number of observations of quasars powered by supermassive black holes (SMBHs) at high redshifts (z > 6) (Fan et al. 2006; Kurk et al. 2007; Mortlock et al. 2011; Wu et al. 2015; Bañados et al. 2017) continue to challenge black hole (BH) seeding and growth theories. Their seed BHs might form through (a) the growth of BH remnants from metal-free (Population III; Pop III) stars (Volonteri et al. 2003; Volonteri & Rees 2005; Johnson & Bromm 2007) , (b) the collisions of stars in young dense stellar clusters (Begelman & Rees 1978; Ebisuzaki et al. 2001) , or (c) the monolithic collapse of atomic cooling halos, so-called direct collapse black holes (DCBHs) (Haehnelt & Rees 1993; Umemura et al. 1993; Bromm & Loeb 2003; Spaans & Silk 2006; . Independent of the formation scenarios listed above, the current accretion prescriptions cannot easily explain the rapid growth of these seeds into SMBHs within 900 Myr, especially when the radiative feedback effects from the accreting BH are taken into account (Kim et al. 2011; Agarwal et al. 2013; Aykutalp et al. 2014) . However, having a more massive seed as the precursor of these SMBHs, such as a DCBH, has some initial merit, and thus it has been the focus of many recent cosmological studies.
In order to form a DCBH in the early universe, there are certain conditions that need to be met so that collapsing primordial gas will not fragment into smaller clumps and subsequently forming stars. Current DCBH formation prescriptions in numerical simulations mostly include Lyman Werner (LW; E = 11.2 − 13.6 eV) background radiation, produced by a stellar population in a nearby halo, that dissociates H 2 in the collapsing cloud. Thereby, suppressing radiative cooling and fragmentation into smaller clumps. Simulations on the photodissociation of H 2 in protogalaxies have shown that a LW flux in excess of ∼ 20 J 21 (2000 J 21 ) originating from a 10 4 K (10 5 K) blackbody spectrum is sufficient to prevent H 2 formation and, hence, fragmentation in halos with virial temperatures of T vir ∼ 10 4 K (e.g. Shang et al. 2010; Latif et al. 2014) . Here J 21 is the specific intensity just below 13.6 eV (J 21 = 10 −21 erg s −1 cm −2 sr −1 Hz −1 ). However, Johnson & Dijkstra (2017) show that when the detachment of H − by Lyman α photons is considered, the required LW radiation intensity to suppress efficient H 2 formation decreases by 1 − 2 orders of magnitude in the case of a 10 5 K blackbody spectrum. Inayoshi & Omukai (2012) and Visbal et al. (2014) argued that there is a zone of no return for a collapsing gas cloud to form a DCBH without fragmenting into smaller clumps, which depends on the density (n > 10 4 cm −3 ) and temperature (T ≥ 10 4 K) of the collapsing gas In more recent work Wise et al. (2019) have shown that dynamical heating driven by major mergers can further induce DCBH formation in overdense regions of the early universe.
In this Letter, we investigate the early evolution of a DCBH hosting halo. This halo initially starts as starless but with a central dense gaseous core and central BH. However, its state rapidly changes once the accretion radiation from the DCBH interacts with its environment. The X-ray irradiation from the accreting DCBH ionizes the ambient gas which has a profound effect on the subsequent evolution, triggering metal-free star formation and resulting in an "obese BH galaxy" (OBG; Agarwal et al. 2013) . Here, we quantify the effects of X-ray irradiation from the central accreting DCBH on the formation of the stellar population and shaping the evolution of the host halo. We studied the observability prospects of such a system at high redshift and established that it is possible to distinguish halos with and without DCBHs at their centers with James Webb Space Telescope (JWST) in Barrow et al. (2018) .
This letter is structured as follows. In Section 2, we describe our methods. We present our results and implications in Section 3. Finally in Section 4, we discuss and summarize our conclusions.
METHODS
We further analyze a cosmological simulation from Aykutalp et al. (2014) that is performed with the Eulerian adaptive mesh refinement (AMR) hydrodynamic code Enzo . The simulation has a (3 Mpc) 3 comoving box size with a 128 3 root grid resolution and three static nested grids, each refined by a factor of two with the innermost grid having an effective resolution of 1024 3 with a side length of 375 h −1 kpc. During the course of the simulation, we allow a maximum refinement level l = 10, resulting in a maximal resolution of 3.6 proper parsecs. Refinement is restricted to the finest nested grid and occurs on baryon and dark matter overdensities of 3 × 2 −0.2l . Here l is the AMR level, and the negative exponent means that the mass resolution in the calculations is super-Lagrangian. The simulation is initialized at z = 99 by utilizing inits, a package that uses Zel'dovich approximation and use the Wilkinson Microwave Anisotropy Probe seven-year cosmological parameters Ω Λ = 0.734, Ω m = 0.266, Ω b = 0.0449, σ 8 = 0.81, and h = 0.701 (Komatsu et al. 2011 ) with standard definitions for each variable.
To provide the conditions for the DCBH to form at the center of a halo, we consider a strong, time-indepedent LW radiation background of 10 3 J 21 , emulating a nearby young galaxy irradiating this primoridal atomic cooling halo with a virial mass M vir = 2.6 × 10 8 M at z = 15. Prior to seeding the DCBH of mass 5×10 4 M at z = 15 there was no prior star formation in the entire simulation volume.
XDR Grid & Treatment of the Polychromatic Spectrum
We utilize a modified version of the X-ray and photon dominated region (XDR/PDR) code by Meijerink & Spaans (2005) to compute the pre-calculated grids for temperatures and species abundances for a given Xray flux (F X ), hydrogen density (n HI ), hydrogen column density (N HI ), and metallicity (Z/Z ). We include all the heavy elements up to iron with abundances > 10 −6 relative to hydrogen as well as the singly and doubly ionized states of all elements, including He 2+ (see Aykutalp et al. (2013) and references therein for further details). We modified the Enzo code to use this grid where the thermodynamical evolution of the gas is driven by the XDR physics. We use Enzo's nine-species (H, H + , H − , He, He + , He 2+ , H 2 , H − 2 , and e−) non-equilibrium chemical network for zero metallicity case Anninos et al. 1997) . When there is an impinging Xray radiation onto a cell, we compare the temperatures calculated from the XDR grid and the Enzo's chemical network and take the highest value of the two found temperatures and continue to iterate for the next step. By taking the highest, we divide the simulation box into XDR and non-XDR zones. We might overestimate the temperature in the grid when X-ray heating and non-X-ray heating are comparable, but this pertains to a very small part of the grid given the deep penetration of X-rays into dense gas.
The radiative feedback from the accreting DCBH is treated by using the radiation transport module Moray . We use an N HI lookup-table for a polychromatic X-ray spectrum to calculate the attenuation in each line of sight (Mellema et al. 2006; Aykutalp et al. 2014) . To construct the table, the radiative transfer equation is numerically solved before the simulation, giving a relative ionizing photon flux I ν as a function of the N HI . The relative ionizing photon flux for H I, He I, and He II is computed and stored for 300 column densities, equally log-spaced over the range N HI = 10 12 − 10 25 cm −2 . The details of this approach are described in Aykutalp et al. (2013) .
Accretion Prescription
For the accretion onto the DCBH we follow the prescription discussed in Kim et al. (2011) where accretion rate is estimated according to the Eddington-limited spherical Bondi-Hoyle (Bondi 1952 
Here G is the gravitational constant, M BH is the DCBH mass, c s is the sound speed, m p is the proton mass, is the radiative efficiency, σ T is the Thomson scattering cross-section, and ρ B is the density at the Bondi radius
Star Formation & Feedback
The star formation in our simulations is only allowed in the finest AMR levels. A Pop III star particle forms when the molecular hydrogen fraction f H2 > 5 × 10 −4 , the metallicity of the gas Z/Z < 10 −3.5 and, the velocity flow is converging; i.e., ∇ · v < 0, as discussed in (Abel et al. 2007; Wise et al. 2012 ). In our simulations, a Pop III star particle represents a single star, whereas a Pop II star particle represents a star cluster. The transition from Pop III to Pop II star formation occurs in the simulation when the metallicity of the collapsing gas becomes Z/Z > 10 −3.5 . However, during the course of our simulations no Pop II star formation occurs. The initial mass of Pop III stars are randomly sampled from an IMF with a functional form
where M char = 40 M is the characteristic mass of the Pop III stars. For H 2 self-shielding, which is crucial for star formation to occur in regions where H 2 column densities exceed 10 14 cm −2 , we use the prescription given by Draine & Bertoldi (1996) and Shang et al. (2010) (see section 4 for further discussion).
RESULTS
This work focuses on the consequences of DCBH presence within the host halo and, in particular, the initial star formation event. We show below that the newly formed DCBH alters the hydrodynamical state of the halo through its accretion radiation. Figure 1 shows two-dimensional slices of gas density (left), X-ray flux (middle), and electron fraction (right) of the inner 200 parsecs, 1.3 and 26 Myr after the DCBH formation, bottom and top, respectively. X-ray irradiation from the accreting DCBH ionizes the adjacent medium, and its large mean free path causes an extended transition from ionized to neutral. It is in these partially ionized regions where the additional free electrons facilitates H − and thus H 2 formation (Ricotti et al. 2001 ). In Figure 2 , we show the H 2 profile of the halo with (blue) and without (orange) the seed DCBH. The H 2 fraction of the ambient gas in the non-DCBH host halo stays around ∼ 10 −7 where as the H 2 fraction in the DCBH host halo is boosted to ∼ 10 −4 due to the X-ray radiation from the accreting DCBH. X-rays are completely attenuated in the inner 15 parsecs by the high density ambient gas (see the bottom-middle panel in Figure 1 ). Therefore, we only see the boost in the H 2 abundance within 15 parsecs of the DCBH at t = 1.3 Myr.
Despite the strong LW background radiation, the DCBH irradiates the nearby gas with X-rays, enhancing its H 2 formation and lowering the cooling time below the local dynamical time in particular regions at a distance ∼10 parsecs from the DCBH. This cooling instability allows for metal-free (Pop III) star formation in the host halo in its nuclear region only ∼ 1 Myr after DCBH formation. Figure 3 shows the density-weighted projection of H 2 fraction over plotted with X-ray contours. The white dots represent single Pop III star particles that are induced by the X-ray irradiation. There is a tight correlation between the path of X-ray radiation, enhancement of the H 2 fraction and the birth places of Pop III stars. Furthermore, the additional LW radiation from newly born Pop III stars keep H 2 fraction in the DCBH case at r > 15 pc lower compared to non-DCBH case.
In the simulation, a total of 90 Pop III star particles formed, totaling 6932 M , equivalent to a star formation efficiency of ∼0.1% within the central birth cloud. It is difficult to predict an exact efficiency because of the uncertainties in the Pop III initial mass function (IMF) and the effects of the ensuing feedback. However, it is clear that star formation will be triggered by the newlyformed DCBH, regardless of the DCBH mass or Pop III IMF, and both will alter the early chemo-thermal state of the galaxy.
The first star formation episode the DCBH host halo experiences is initially very centrally concentrated with the half stellar mass radius is being 12 parsecs as shown in Figure 4 , where we plot the time evolution of half stellar mass radius (left y-axis), stellar mass (blue stars, right y-axis) and the gas mass (purple dots, right y- axis). This is in a very good agreement with the region that is enhanced by H 2 , as shown in Figure 2 . The first stars formed ∼ 1 Myr after the formation of the DCBH. Due to energy injection by the SNe to the medium and the outward velocities of their birth clouds, the stars disperse to larger radii after they born as seen in Figures  3 and 4 .
Pop III stars in our simulation have short lifetimes < 12 Myr due to their large initial masses, with M char = 40 M . At the end of their lifetime, a fraction of them explode as supernovae (SNe) and chemically enrich their surroundings. The binding energy of the inner 100 parsecs of the halo is on the order of 10 53 ergs whereas the energy released by the SNe is 10 51 ergs. Hence, the gas mass within 100 parsecs does not decrease (Kitayama & Yoshida 2005) , see Figure 4 . Throughout the SNe period, the DCBH experiences lower accretion rates (∼ 10 −6 M yr −1 ). After all of the Pop III stars die, the DCBH starts accreting at high rates again (∼ 10 −3 M yr −1 ) and produces X-rays. But now the ambient gas is enriched by the metals which has a vital affect on the temperature of the gas. The X-rays above 1 keV have small mean free paths in metal-enriched gas and are absorbed by inner shell electrons of C, N and O. Due to the high heating efficiency of X-rays the gas temperatures are kept around 10 5 − 10 6 K. As shown in the top panel of Figure 1 , X-rays penetrate to large distances (r > 200 pc) and ionize the medium. Thus, even though the ambient gas is enriched by the metals the halo does not experience Pop II formation for the duration of our simulations, ∼ 50 Myr.
SUMMARY & DISCUSSION
In this work, we show, for the first time, how a DCBH induces a metal-free nuclear starburst in the host halo. The DCBH accretion produces X-ray radiation that ionizes the dense ambient gas. This increase in the free electron abundance facilitates H − and hence H 2 formation within 15 pc of the DCBH. The radiation enhances cooling rates by boosting H 2 abundances, that then triggers a gravitational instability and subsequent star formation. Because one of the requirements for DCBH formation is metal-free gas, the following star formation event is mostly likely to be metal-free since the DCBH progenitor, i.e. a supermassive star, ejects little to no heavy elements during its evolution, and the vast majority of supermassive stars do not produce a SN (Volonteri & Begelman 2010; Woods et al. 2017) .
Our DCBH scenario resembles OBGs studied in (Agarwal et al. 2013) , where the mass of the DCBH (M BH = 5 × 10 4 M ) initially exceeds that of the stellar component (∼ 7 × 10 3 M ) of the host galaxy, and the luminosity from BH accretion dominates the starlight. The uncertainties in the IMF of Pop III stars can affect the M BH /M ratio derived from our simulation however we do not expect to have an order of magnitude increase in the stellar population. Moreover, we estimated the H 2 self-shielding effect by using a local approximation prescription from Draine & Bertoldi (1996) whereas N H2 is a non-local quantity. This local approximation method has been shown to be accurate within an order of magnitude only (Shang et al. 2010; Wolcott-Green et al. 2011) . This might cause the over estimation of the stellar population in the halo. That being said, the overall effect of having high LW background radiation and using a local H 2 self-shielding approximation might balance out each other. Moreover, in our simulation Xray radiation is regulated by the accretion prescription defined in 2.2. Hence, using different accretion prescription, e.g. Super-Eddington, may further enhance the star formation in the halo. We further stress that, Pop III formation induced by the X-ray radiation is limited to the DCBH scenario and hence we cannot say anything about its statistical significance.
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